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Direct and Indirect Probes of EWSB Direct and Indirect Probes of EWSB 
in ein e++ee-- Annihilation (LEP and SLC)Annihilation (LEP and SLC)

HiggsHiggsHiggsHiggs

OutlineOutline:: Patrick Janot, CERNPatrick Janot, CERN

First LectureFirst Lecture:                   :                   Second LectureSecond Lecture:                   :                   Third LectureThird Lecture::

EP
(and SLC too!)
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Indirect Probes of EWSB Indirect Probes of EWSB at LEP and SLCat LEP and SLC

Z W

H
mW=mZ cosϑϑϑϑW

Common Goals of LEP and SLC:Common Goals of LEP and SLC:
!! Check the internal consistency of Check the internal consistency of 

the Standard Model of Electroweak the Standard Model of Electroweak 
interactionsinteractions (Z & W studies);(Z & W studies);

!! Test with Test with precisionprecision the predictionsthe predictions
of Electroweak Symmetry Breakingof Electroweak Symmetry Breaking
(m(mWW vs mvs mZZ););

!! Predict heavy particle masses andPredict heavy particle masses and
new physics scale new physics scale (m(mtoptop, m, mHH,, ΛΛ?)?)

First Lecture Outline:First Lecture Outline:

1.  Brief 1.  Brief HistoryHistory & & OverviewOverview

2.  Brief 2.  Brief TheoryTheory Reminder:Reminder:
Why is Why is PrecisionPrecision needed? needed? 

3.  List of “Electroweak” 3.  List of “Electroweak” ObservablesObservables

4.  A few 4.  A few PrecisionPrecision MeasurementsMeasurements

•• Z Lineshape & Beam Energy (Z Lineshape & Beam Energy (LEPLEP) ) 
•• LeftLeft--Right Asymmetry  Right Asymmetry  

and Beam Polarization (and Beam Polarization (SLCSLC))
•• Heavy Flavour Rates (Heavy Flavour Rates (LEPLEP&&SLCSLC))
•• W mass (W mass (LEPLEP))

5. The 5. The top masstop mass predictionprediction

6. The 6. The Higgs boson massHiggs boson mass prediction prediction 

7. Standard Model 7. Standard Model consistencyconsistency
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A Little Bit ofA Little Bit of HistoryHistory
1967: 1967: Electroweak unification, with W, Z Electroweak unification, with W, Z 

and H (Glashow, Weinberg, Salam);and H (Glashow, Weinberg, Salam);

1973: 1973: Discovery of neutral currents in Discovery of neutral currents in 
ννµµe scattering (Gargamelle, CERN)e scattering (Gargamelle, CERN)

1974: 1974: Complete formulation of the standardComplete formulation of the standard
model with SU(2)model with SU(2)WW××U(1)U(1)YY (Illiopoulos)(Illiopoulos)

1981: 1981: The CERN SpS becomes a pp collider;The CERN SpS becomes a pp collider;
LEP and SLC approved before W/Z LEP and SLC approved before W/Z 
discovery;discovery;

1983: 1983: W and Z discovery (UA1, UA2);W and Z discovery (UA1, UA2);
LEP and SLC construction start; LEP and SLC construction start; 

UA2UA2

First Z detected in the world:First Z detected in the world:

1989: 1989: First collisions in LEP and SLC;First collisions in LEP and SLC;
Precision tests of the SM (mPrecision tests of the SM (mtoptop););

1995: 1995: Discovery of the top (FNAL);Discovery of the top (FNAL);
Precision tests of the SM (mPrecision tests of the SM (mHH););

2000:2000: First hints of the Higgs boson?First hints of the Higgs boson?

--

qq qq →→ Z Z →→ ee++ee----
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LLEEPP Overview:Overview: LuminosityLuminosity,, EnergyEnergy,, PrecisionPrecision

Z

W

H

Total Luminosity: 1000 pb-1

89-95              95             96   97 98 99 00

Precision: 0.1%

LEP 1         LEP1.5                LEP 2

Energy: 88 →→→→ 209.2 GeV

•• Conventional collider eConventional collider e++ee-- ring;ring;
•• Energy upgradeable;Energy upgradeable;
•• Energy measurable;Energy measurable;
•• Four detectors (A,L,D,O);Four detectors (A,L,D,O);
•• Large luminosity;Large luminosity;
•• 20 Million Z events.20 Million Z events.

44
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Stanford Linear Collider Stanford Linear Collider OverviewOverview
•• First high energy eFirst high energy e++ee-- “linear” “linear” 

collider (with arcs);collider (with arcs);
•• Reduced luminosity;Reduced luminosity;
•• 73% polarized73% polarized electron beam;electron beam;
•• Small transverse beam sizes;Small transverse beam sizes;
•• Small beam pipeSmall beam pipe;;
•• Only one detector (MarkII, SLD)Only one detector (MarkII, SLD)
•• 350,000 Z events350,000 Z events

19921992--1998 SLD Run1998 SLD Run

COMPLE
MENTARY to

 LE
P

COMPLE
MENTARY to

 LE
P
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TTrreeee--LLeevveell  CCoorrrreecctteedd  

aa00  ==  ±±11//22  aa  ==  aa00((11++∆∆∆∆∆∆∆∆ρρρρρρρρ))  

vv00  ==  aa00((11--44||QQ||ssiinn22θθWW))  vv  ==  aa((11--44||QQ||ssiinn22θθWW
eeffff))  

ssiinn22θθWW  ==  11  ––  mmWW
22//mmZZ

22  
((mmWW  ==  mmZZ  ccoossθθWW))  ssiinn22θθWW  ==  11  ––  mmWW

22//mmZZ
22((11++∆∆∆∆∆∆∆∆ρρρρρρρρ))  

αα ((00))  ==  11//113377..00335599889955((6611))  αα((mmZZ))  ==  11//112288..996688((2277))  
 

 

Why isWhy is Precision Precision Needed?Needed?
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L Couplings (v+a)
≠≠≠≠

R Couplings (v-a)

Electroweak Observables (i.e., related to W and Z) sensitive to Electroweak Observables (i.e., related to W and Z) sensitive to vacuum polarization effects:vacuum polarization effects:

0.1% Precision needed!

•• Determine Determine ∆ρ∆ρ and sinand sin22θθWW from LEP/SLD data;from LEP/SLD data;
•• Predict mPredict mtoptop and mand mWW;;
•• Compare with direct measurements;Compare with direct measurements;
•• Predict mPredict mH;H;

•• Compare with direct measurements.Compare with direct measurements.

effeff
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Quantum CorrectionsQuantum Corrections to to αα(m(mZZ) ) (I)(I)

++ ++ + …+ …
e, e, µµ,, ττ

u,d,c,s,bu,d,c,s,b
toptop

Common quantum (energyCommon quantum (energy--dependent) corrections to dependent) corrections to γγ and Z can be absorbed and Z can be absorbed 
in a redefinition of the QED coupling constant in a redefinition of the QED coupling constant αα (also called “(also called “runningrunning”)”)

top
(5)
hadleptons

QED

1
)0(

)(
ααα

α
α

∆−∆−∆−
=s

Precise QEDPrecise QED
CalculationCalculation

Small, Small, ∝∝ log mlog mtoptop
CalculateCalculate

EvaluateEvaluate
from:from:

ee++ee-- →→ hadronshadrons
at various at various √√s s 

+ QCD predictions+ QCD predictions

)e(e
hadrons)e(e

-

-

−++

+

→
→

µµσ
σ
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Quantum CorrectionsQuantum Corrections to to αα(m(mZZ) ) (II)(II)

Results more and more precise:Results more and more precise:

!! More eMore e++ee-- data at low energydata at low energy
(in particular with BES)(in particular with BES)

!! Better knowledge of QCD at Better knowledge of QCD at 
low energy (proven by hadroniclow energy (proven by hadronic
ττ decays studied at LEP) decays studied at LEP) 

!! ∆α∆αhadhad(m(mZZ) = 0.02738 ) = 0.02738 ±± 0.000200.00020

!! αα(m(mZZ) = 1/128.968(27)) = 1/128.968(27)
(most precise, most up(most precise, most up--toto--date)date)

(5)(5)
Will i

mprov
e soo

n

Will i
mprov

e soo
n

with 
with BaBar

BaBar
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Experiment Observable Main technology Precision Physics output 
Z Lineshape mZ 

ΓΓΓΓZ 
σσσσpeak 

 

Absolute beam energy 
    (+ ISR QED calculations) 

Relative beam energy 
    (+ ISR …   ) 

Absolute luminosity 
 

Final state identification 

2.10-5 

 

10-3 

 

10-3 

 
1.2.10-3

Input! 
∆ρ∆ρ∆ρ∆ρ,ααααs, Nνννν    

 

Nνννν    
 

ααααs, mtop 

WW Production 

mW 

-Absolute 
    *Beam energy 
    *Luminosity 
-Final state 
 Identification 

5.10-4 mH vs mtop 

 

 

 

b-tagging 
  (Vertex detector) 
 

c-tagging (mostly SLD) 

 
3.10-3 

 
2% 

mtop 

 

 

Precision Electroweak Observables (I)

lepton

hadron

Γ
ΓR =l

hadron

bb
b Γ

ΓR =

hadron

cc

Γ
ΓR =l

Heavy FlavourHeavy Flavour
RatesRates

LEP1

LEP2
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Dependence on mDependence on mtoptop, m, mHH of mof mWW and Rand Rbb
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0.5% Precision needed
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(m(mWW/m/mZZ))22

↓↓
(m(mW W /m/mZZ))22 ××(1+(1+∆∆rr))

(No m(No mHH !)!)

RRbb →→ RRb b (1+(1+δδVbVb))

(Different m(Different mtoptop, m, mHH dependence)dependence)

1. 1. W massW mass: Specific Vacuum Polarization: Specific Vacuum Polarization

2. 2. Z Z →→ bbbb decay ratedecay rate: Specific Vertex Correction: Specific Vertex Correction
--



SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 11

Precision Electroweak Observables (II)

l
l AA

4
3A eFB =

b
b AA

4
3A eFB =

eFB AA =τ)(pol

ττ AP =

c
c AA

4
3A eFB =

eeLR APA ×=

LLEEPP

High Luminosity

Precise
Energy

Precision
of the
Detectors

+ b-Tagging
ττττ-selection

...

.. .

sin2θθθθW

to

5.10-4

Consistency
Checks!

2
ff

ff
f )/a(v1

/a2vA
+

=

1-4|Qi|sin2θθθθW

Polarized BeamPolarized Beam
(SLC only)

ττττ→→→→πνπνπνπνττττ

Z→→→→µµµµ++++µµµµ−−−−e.g.

mW

effeff

effeff

effeff

Experiment Observable Main technology Precision Physics output 
Parity Violation 
L Couplings (v+a) 

≠≠≠≠ 
R couplings (v-a) 

 
 
 
 

Asymmetries 

   

2.2 10-3 

 

1.3 10-3 

 

3.4 10-3 

 

 
1.8 10-3 

 

 
2.0 10-3 

 

 

 

 1.1.10-3 

 

 

sinsin22θθWW = 1 = 1 –– mmWW
22/m/mZZ

22(1+(1+∆ρ∆ρ∆ρ∆ρ∆ρ∆ρ∆ρ∆ρ))
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The Z Lineshape The Z Lineshape at Lat LEEPP
At treeAt tree--level:level:

√√s =s =

col
2
f

2
f

3
Z

ff2
Z

ffee
2
Z

0

ff

2
z

2
Z

222
Z

2
Z0

ffff

N)av(
26

m     and     
m
12

  with
m/)m-(

_

__

×+×=Γ
Γ
ΓΓ=

Γ+
Γ×≈

π
πσ

σσ

FG
ss

s

1)1) Measure Measure σσ and sand s

2)2) Correct for QED and QCDCorrect for QED and QCD

--30% for 30% for σσ00

+200 MeV for m+200 MeV for mZZ
+4% for +4% for ΓΓqqqq

3)3) Fit for the Z parametersFit for the Z parameters
(mass, total width, peak cross (mass, total width, peak cross 
section and partial widths)section and partial widths)

∝∝ (1+(1+∆ρ∆ρ))
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•• Process Process very sensitivevery sensitive to imperfectionsto imperfections
((→→ slow, typically hours, and limitedslow, typically hours, and limited

to o(10%) polarization)to o(10%) polarization)

•• Process Process very sensitive very sensitive to beamto beam--beam beam 
interactions (interactions (→→ one beam, no polarizationone beam, no polarization
in collisions)in collisions)

Measurement of the LMeasurement of the LEEPP Beam EnergyBeam Energy (I)(I)

LLEEPP
((LL = 2= 2ππRR = 27km)= 27km)

RR

BBdipoledipole

ee--

pp
→→→→→→→→

ApproximationApproximation: LEP is a circular ring: LEP is a circular ring
immersed in a uniform magnetic field:immersed in a uniform magnetic field:

E E ∼∼ p p = = e e B B RR = (= (e/2e/2ππ) ) B B LL

In real lifeIn real life: : 
B nonB non--uniform, ring not circularuniform, ring not circular

∫=
LEP

d
2

lBeE
π

To beTo be
measuredmeasured

1) The electrons get 1) The electrons get transversally transversally polarizedpolarized
(i.e., their spin tends to align with B), but(i.e., their spin tends to align with B), but
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Measurement of the LMeasurement of the LEEPP Beam EnergyBeam Energy (II)(II)
00

11 22

33

BBxx

--BBxx

2) The spin 2) The spin precesses around Bprecesses around B with with 
a frequency proportional to a frequency proportional to BB. . 

The The number of revolutionsnumber of revolutions
for each LEP turn is thusfor each LEP turn is thus
proportional to proportional to BB LL (in fact,(in fact,
to to ∫∫ BB ddll, and then to , and then to EEbeambeam))

BB

beam2
2 E

m
g

e

e
s ×−=ν 101.5   Peak101.5   Peak--22

103.5   Peak103.5   Peak
105.5   Peak+2105.5   Peak+2

3) 3) Measure Measure ννss ::

BBxx: oscillating field with: oscillating field with
frequency frequency νν, in one point., in one point.

Vary Vary νν until Polarization = 0until Polarization = 0

PrecisionPrecision
∼∼ 22××1010--66

∆∆EEbeam beam ∼∼ 100 keV !100 keV !

19931993
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Measurement of the LMeasurement of the LEEPP Beam EnergyBeam Energy (III)(III)

→→
SS

→→
UU

→→
NN

A A dispersion of 10 MeVdispersion of 10 MeV is observed (is observed (>>>> 100 keV)100 keV)
in the same machine conditions. Correlation within the same machine conditions. Correlation with
the moon found on 1992, Nov 11the moon found on 1992, Nov 11thth::

LEP at noonLEP at noon
Shorter by 300 Shorter by 300 µµmm

LEP at midnightLEP at midnight
Longer by 300 Longer by 300 µµmm

However, the electron orbit lengthHowever, the electron orbit length
is fixed by the RF frequency:is fixed by the RF frequency:

LL = c = c ×× ∆∆tt

•• At midnight, the electrons seeAt midnight, the electrons see
less less magnetic field, E is magnetic field, E is smaller;smaller;

•• At noon, they see At noon, they see moremore magneticmagnetic
field, and E is field, and E is larger.larger.

Prediction and dataPrediction and data
fit perfectly …fit perfectly …
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Measurement of the LMeasurement of the LEEPP Beam EnergyBeam Energy (IV)(IV)

BBdipoledipole

RF frequency:RF frequency:
352 254 170 Hz352 254 170 Hz

((±±1 Hz)1 Hz)

Electron orbit fixed by RFElectron orbit fixed by RF
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⊗⊗

⊗⊗⊗⊗⊗⊗⊗⊗

⊗⊗

⊗⊗

QUAD
QUAD

QUAD
QUAD

QUAD
QUAD

QUAD
QUAD

Beam OrbitBeam Orbit
Monitors (BOM)Monitors (BOM)

Dipole
Dipole Dipole

Dipole
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Other Other 10 MeV10 MeV--ishish effects understood even later:effects understood even later:

!! Effect of the rain: water pressure in the Effect of the rain: water pressure in the 
mountains change LEP circumference;mountains change LEP circumference;
(controlled with the BOM’s)(controlled with the BOM’s)

!! Effect of the TGV: currents induced on theEffect of the TGV: currents induced on the
LEP beam pipe change the magnetic fieldLEP beam pipe change the magnetic field
(controlled by 16 NMR probes)(controlled by 16 NMR probes)

Measurement of the LMeasurement of the LEEPP Beam EnergyBeam Energy (V)(V)

Understood after three rainy monthsUnderstood after three rainy months

Understood after oneUnderstood after one--day strikeday strike

Now: Now: ∆∆EEbeambeam << 2 MeV2 MeV
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Z Lineshape: Z Lineshape: Final State IdentificationFinal State Identification (I)(I)



SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 20

Channel Partial Width Branching 
Ratio 

Hadrons 1.739 GeV 70% 

Neutrinos 0.497 GeV 20% 

Leptons 0.250 GeV 10% 
 

 

Z Lineshape: Z Lineshape: Final State Identification Final State Identification (II)(II)
e) Z->νν-

•• Z Z →→ qq :qq : Two jets, large particle multiplicity.Two jets, large particle multiplicity.

•• Z Z →→ ee++ee--, , µµ++µµ-- :: Two charged particles (e or Two charged particles (e or µµ.).)

•• Z Z →→ νν νν ::
Not detectable.Not detectable.

--

--

•• Z Z →→ ττ++ττ-- :: Two low multiplicity jets + missing Two low multiplicity jets + missing 
energy carried by the decay neutrinosenergy carried by the decay neutrinos
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Z Lineshape: Z Lineshape: Final State Identification Final State Identification (III)(III)

Systematic Uncertainty ∼ 0.1%

Hadronic decaysHadronic decays: : 
High multiplicity High multiplicity 
High massHigh mass

Leptonic decaysLeptonic decays: Low multiplicity, : Low multiplicity, 
with (with (ττ) or without (e, ) or without (e, µµ) missing energy) missing energy

Selections with Selections with 

!! High Efficiency;High Efficiency;

!! High Purity;High Purity;

Count events : Easy?Count events : Easy?

16 million
16 million

600,000600,000

600,000

600,000

γγγγ CollisionsCollisions: : 
Low multiplicity, Low multiplicity, 
Low mass Low mass 



SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 22

Z Lineshape: Z Lineshape: ResultsResults (I)(I)

MEASUREMEASURE

M
EA

SU
RE

M
EA

SU
RE

Dominant (and common) error:Dominant (and common) error:
LLEEP P Beam Energy MeasurementBeam Energy Measurement

•• √√s varied from 88 to 94 GeV;s varied from 88 to 94 GeV;

•• Points are from data in both Points are from data in both 
coordinates;coordinates;

•• Lines are from a standard modelLines are from a standard model
fit to the Z parameters;fit to the Z parameters;

1010--55
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Z Lineshape: Z Lineshape: ResultsResults (II)(II)

Nν ν ν ν = 2.984 ±±±± 0.008

DELPHI
L3

OPAL

Nνννν = 2
Nνννν = 3
Nνννν = 4

13 October 1989

L3: 2538 hadronic Z’s

ALEPH: 3112 hadronic Z’s

OPAL: 4350 hadronic Z’s

DELPHI: 1066 Hadronic Z’s

L3

ALEPH

DELPHI

OPAL

13-Oct-1989:

Nνννν = 3.16 ±±±± 0.20

Nνννν = 3.42 ±±±± 0.48

Nνννν = 3.27 ±±±± 0.30

Nνννν = 3.1 ±±±± 0.4

Nνννν = 2.4 ±±±± 0.4

MarkII, Aug. 1989,
with 106 Z decays:

Nν = 3.8 ± 1.4.
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Obs. Value Error 

mZ 91187.5 2.1 MeV 

ΓΓΓΓZ 2495.2 2.3 MeV

σσσσ0
 41.540 0.037 nb 

Rl 20.767 0.025 
 

 

Z Lineshape: Z Lineshape: ResultsResults (III)(III)

σhad/σl
00

500 MeV
in 1989

(1998)(1998)

ΓΓZZ ∝∝ (1 + (1 + ∆ρ∆ρ))
With this measurement alone:

mtop ∼∼∼∼ 165 ±±±± 25 GeV/c2

(+small sensitivity to m(+small sensitivity to mHH))

1010--33
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Heavy Flavour Rates:Heavy Flavour Rates: IdentificationIdentification (I)(I)
bb-- and cand c--hadrons decay weaklyhadrons decay weakly towards ctowards c-- and sand s--hadrons, with a hadrons, with a 

macroscopic lifetime (macroscopic lifetime (1.6 ps1.6 ps for b’s), corresponding to for b’s), corresponding to few mm’sfew mm’s at LEP at LEP 

±± 10 cm10 cm

±± 1 cm1 cm

3d3d--vertexingvertexing determinesdetermines
secondary and tertiarysecondary and tertiary
vertices.vertices.

High resolutionHigh resolution is crucial.is crucial.

Impact parametersImpact parameters ofof
reconstructed tracksreconstructed tracks
allow b quarks to be allow b quarks to be 
tagged with very goodtagged with very good
purity.purity.

Mass of secondary vertexMass of secondary vertex
tracks is a very powerfultracks is a very powerful
discriminator of flavourdiscriminator of flavour
(b, c, and light quarks):(b, c, and light quarks):
mmbb∼∼ 5 GeV/c5 GeV/c22, , andand
mmcc∼∼ 1.5 GeV/c1.5 GeV/c22..
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Heavy Flavour Rates:Heavy Flavour Rates: IdentificationIdentification (II)(II)

Vertex Mass for EventsVertex Mass for Events
With a Secondary VertexWith a Secondary Vertex

In SLDIn SLD

Vertex Mass (GeV/cVertex Mass (GeV/c22))

b (MC)b (MC)

c (MC)c (MC)

uds (MC)uds (MC)

DataData

Vertex detectors (Si Vertex detectors (Si µµ--strips, CCD’s, pixels):strips, CCD’s, pixels):

•• At At LEPLEP: inner radius : inner radius 6 cm6 cm, good resolution;, good resolution;
•• At At SLCSLC: inner radius : inner radius 2.3 cm2.3 cm, superior resolution., superior resolution.

SLD can do both bSLD can do both b-- and cand c--tagging with good purity.tagging with good purity.
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Heavy Flavour Rates:Heavy Flavour Rates: ResultsResults
Use Use doubledouble--tag methodtag method to reduce uncertainties to reduce uncertainties 
from the simulation, e.g., in bb events:from the simulation, e.g., in bb events:

2
udsuds

2
ccb

2
bb

hemi
2

udsudsccbb
hemi

1

)1( εερε
εεε

RRRf
RRRf

+++=

++=

Take Take εεcc, , εεudsuds, and , and ρρbb (all small) from simulation.(all small) from simulation.

Solve for Solve for εεbb and Rand Rbb !!

Rate Value Error 

Rb 21.646% 0.075%

Rc 17.19% 0.31% 
 

 

3 103 10--33

With this measurement alone:

mtop ∼∼∼∼ 150 ±±±± 25 GeV/c2

(dependence on m(dependence on mHH, , ααss, … cancel in the ratio), … cancel in the ratio)

Rb = ΓΓΓΓbb / ΓΓΓΓhad--
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Prediction of mPrediction of mtoptop from EW Measurementsfrom EW Measurements

(actually (actually 2.92.9σσ))

A top mass of 177 GeV/c2

was predicted by LEP & 
SLC with a precision of

10 GeV/c2 in  March 1994. 

One month later, FNAL
announced the first 3σ

evidence of the top.

2direct
top

2EW
top

GeV/ 1.53.174

GeV/ 0.105.180

cm

cm

±=

±=

In 2001:In 2001:

Perfect Perfect consistencyconsistency between predictionbetween prediction
and direct measurement. Allows a globaland direct measurement. Allows a global
fit of the SM (fit of the SM (with mwith mHH) to be performed.) to be performed.

/ SLD/ SLD

/ SLD/ SLD

/ SLD/ SLD

/ SLD/ SLD
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Asymmetries:Asymmetries: Measurement of AMeasurement of ALRLR at SLDat SLD (I)(I)

−+

−+

+
−==

+
−≡

++−
+−−=

NN
NNPPA

PP
PP

eee
ee

ee       with  
)()(
)()(A

RL

RL
LR σσ

σσ
σσ
σσ

!! AALRLR ((∝∝ AAe e ~ ~ 14%14% if Pif Pee = 100%)= 100%) is 10 times more sensitive to sinis 10 times more sensitive to sin22θθWW
than Athan AFBFB ((∝∝ AAeeAAl l ~ ~ 11--2%2%););

!! AALRLR is independent of the final state is independent of the final state (Z (Z →→ hadrons, hadrons, ττ++ττ--, , µµ++µµ--););

!! AALRLR is independent of the detector acceptance;is independent of the detector acceptance;

!! Most of the theoretical corrections, uncertainties Most of the theoretical corrections, uncertainties (QED, QCD, (QED, QCD, ……))
cancel in the Acancel in the ALRLR ratio.ratio.

StatisticalStatistical
&&

SystematicSystematic
uncertainties uncertainties competecompete with with LLEEPP asymmetry measurementsasymmetry measurements

(e(e-- beam polarization)beam polarization)

(unpolarized)(unpolarized)

leptlept
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Asymmetries:Asymmetries: Measurement of AMeasurement of ALRLR at SLDat SLD (II)(II)
Condition # 1: Have a longitudinally Condition # 1: Have a longitudinally ∼∼ 100% polarized electron beam.100% polarized electron beam.

"" Get longitudinally polarized eGet longitudinally polarized e-- by illuminating a GaAs photo cathode withby illuminating a GaAs photo cathode with
circularly polarized Lasers (frequency: 2 circularly polarized Lasers (frequency: 2 ×× 60 = 120 Hz) 60 = 120 Hz) 

"" In principle, PIn principle, Pe e ∼∼ 100% can be reached. In practice, 80% was achieved.100% can be reached. In practice, 80% was achieved.

"" Change the sign of the polarization Change the sign of the polarization 
on a random basis to ensure that on a random basis to ensure that 
equal amount of data are taken with equal amount of data are taken with 
both signs, and that the  luminosityboth signs, and that the  luminosity
is not tied to any periodic effectsis not tied to any periodic effects
in SLC. in SLC. 

"" Transport, accelerate and collide theTransport, accelerate and collide the
polarized electrons, with enough carepolarized electrons, with enough care
to keep the same polarization at theto keep the same polarization at the
interaction point. SLC was designed interaction point. SLC was designed 
to do so from the beginningto do so from the beginning (unlike(unlike
LEP).LEP).
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Asymmetries:Asymmetries: Measurement of AMeasurement of ALRLR at SLDat SLD (III)(III)
Condition # 2: Measure the eCondition # 2: Measure the e-- polarization Ppolarization Pee with 0.5% accuracy.with 0.5% accuracy.
"" Collide 45.6 GeV long. polarized eCollide 45.6 GeV long. polarized e-- withwith

2.33 eV2.33 eV (532 nm)(532 nm) circularly polarizedcircularly polarized
photons every 7photons every 7thth bunchbunch (17 Hz);(17 Hz);

"" Detect Compton backDetect Compton back--scattered escattered e-- as as 
a function of their energy after a bend a function of their energy after a bend 
magnet;magnet;

"" σσ(E) =(E) = σσ00 ×× [1 +[1 + A(E) A(E) PPee PPγγ]]

σσ00

A(E)A(E)

Cerenkov DetectorsCerenkov Detectors

σσ00 andand A(E)A(E) areare
theoretically welltheoretically well
known (pure QEDknown (pure QED

process)process)
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Asymmetries:Asymmetries: Measurement of AMeasurement of ALRLR at SLDat SLD (IV)(IV)
"" Reverse on a random basis the sign of the photon polarization PReverse on a random basis the sign of the photon polarization Pγγ

(close to 100%, optically measured with filters);(close to 100%, optically measured with filters);

"" Count the number of eCount the number of e-- detected in each of the Cerenkov channelsdetected in each of the Cerenkov channels
(about a hundred electrons per channel at each beam crossing)(about a hundred electrons per channel at each beam crossing)

"" Deduce the eDeduce the e-- beam polarization from the asymmetrybeam polarization from the asymmetry

ePPEA
NNN

NN
γ)(

2 offset =
−+

−
←→

←→

0.5%TOTAL
0.2%Electronic Noise
0.2%Linearity
0.4%Analyzing Power
0.1%Laser Polarization
δδδδP/PUncertainty
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Asymmetries:Asymmetries: Measurement of AMeasurement of ALRLR at SLDat SLD (V)(V)
CrossCross--checks:checks:

## Count ComptonCount Compton--scattered gammas at the kin.scattered gammas at the kin.
threshold with two additional calorimeters.threshold with two additional calorimeters.
Agree with the main measurement to 0.4%.Agree with the main measurement to 0.4%.

## Measure the positron polarization to be 0.0%Measure the positron polarization to be 0.0%
with an accuracy better than 0.1%.with an accuracy better than 0.1%.

Condition # 3: Count events in SLDCondition # 3: Count events in SLD

eePA
NN
NN =

+
−=

RL

RL
LRA

e.g., in 1997e.g., in 1997--98:98:

oo NNLL = 183,355; N= 183,355; NRR = 148,259= 148,259

oo PPee = 72.92%= 72.92%

⇒⇒ AAee = 0.1491 = 0.1491 ±± 0.0024 (stat.) 0.0024 (stat.) ±± 0.0010 (syst.)0.0010 (syst.)

Complete data set:Complete data set:

00027.023097.0sin

00216.015138.0
eff
W

2 ±=

±=

ϑ
eA
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Asymmetries:Asymmetries: Results for sinResults for sin22θθWW

Leptons:
0.2310±±±±0.0002

Quarks:
0.2323±±±±0.0003

???

Still statistically acceptable, butStill statistically acceptable, but
a couple of add’l years at LEP a couple of add’l years at LEP 
and SLD would have helped…and SLD would have helped…

effeff

ALL:
0.23152±±±±0.00017

5 105 10--44
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Asymmetries:Asymmetries: Results for aResults for all andand vvll

Errors ×10
× 200

Before LEP&SLC After LEP&SLC

Axial and vector couplings (al, vl) from ALR (SLC) and Z → l+l- (LEP)

Precision on sinPrecision on sin22θθWW: : 5 105 10--44, , adequate to become sensitive to adequate to become sensitive to mmHH..



SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 36

Asymmetries:Asymmetries: Prediction of mPrediction of mWW

PredictPredict mmWW in the SM:in the SM:

mmWW
22 = = mmZZ

22(1+ (1+ ∆ρ∆ρ∆ρ∆ρ∆ρ∆ρ∆ρ∆ρ))coscos22ϑϑϑϑϑϑϑϑWW
effeff

Direct 
Measurements*

Precision 
Measurements

mmHH dependence in the SMdependence in the SM
through quantum correctionsthrough quantum corrections

(see later)(see later)

* Coming now for m* Coming now for mWW at LEP; at LEP; 
See Y.See Y.--K. Kim lecture for mK. Kim lecture for mtoptop
and mand mW W at the Tevatron.at the Tevatron.
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WW++WW-- →→ qq11qq22llνν::
Two hadronic jets, Two hadronic jets, 

One lepton, missing energy.One lepton, missing energy.

W mass at W mass at LLEEP P 2: 2: Production and DecayProduction and Decay

WW++WW-- →→ qq11qq22qq33qq44::
Four well separated jets.Four well separated jets.

---- ---
WW++WW-- →→ ll11νν11ll22νν22::

Two leptons, missing energyTwo leptons, missing energy

√√s s ≥≥ 2m2mWW

45.6%45.6% 43.8%43.8% 10.8%10.8%
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W mass at W mass at LLEEP P 2: 2: Threshold cross sectionThreshold cross section

mmWW (thresh.) = (80.40 (thresh.) = (80.40 ±± 0.22) GeV/c0.22) GeV/c22
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W mass at W mass at LLEEP P 2: 2: Direct measurementDirect measurement (I)(I)

11 , Epr

22 , Epr

44 , Epr33 , Epr

11 , Epr

22 , Epr

33 , Epr

44 , Epr

−+
==

=

== ∑∑

WW

4

1

4

1
 ,0  ,

mm

psE
i

i
i

i

rr

5 Constraints:5 Constraints:

0 unknowns, 0 unknowns, 
5C fit5C fit

3 unknowns, 3 unknowns, 
2C fit2C fit

Fitted mass (GeV)Fitted mass (GeV)

•• Initial State Radiation;Initial State Radiation;
(change the effective beam energy)(change the effective beam energy)

•• Detector Resolution;Detector Resolution;
(change the jet directions)  (change the jet directions)  

•• Other fourOther four--fermion diagramsfermion diagrams
(create non(create non--BreitBreit--Wigner bkgds) Wigner bkgds) 
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W mass at W mass at LLEEP P 2: 2: Direct measurementDirect measurement (II)(II)
⇒⇒ Mostly rely on simulated mass distributions to determine mMostly rely on simulated mass distributions to determine mWW

mmWW(qqqq) = 80.448 (qqqq) = 80.448 ±± 0.043 GeV/c0.043 GeV/c22

mmWW((qqlqqlνν) = 80.457 ) = 80.457 ±± 0.062 GeV/c0.062 GeV/c22

LEP Combination:LEP Combination:

Good compatibility between the two Good compatibility between the two 
final state: final state: ∆∆m = 9 m = 9 ±± 46 MeV/c46 MeV/c22

10,000 W pairs per experiment10,000 W pairs per experiment
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W mass at W mass at LLEEPP 2: 2: Result and UncertaintiesResult and Uncertainties

•• Good consistency between experiments;Good consistency between experiments;

•• Good consistency with hadron collidersGood consistency with hadron colliders
(see  Y.(see  Y.--K. Kim lecture);K. Kim lecture);

•• Good consistency with Z data (LEP/SLD).Good consistency with Z data (LEP/SLD).

mmWW(LEP) = 80.450 (LEP) = 80.450 ±± 0.025 0.025 ±± 0.0300.030
(stat.)         (stat.)         (syst.)  (syst.)  

Limited by systematic uncertaintiesLimited by systematic uncertainties
on final state interaction (Boseon final state interaction (Bose--EinsteinEinstein

Correlation and Colour Reconnection).Correlation and Colour Reconnection).
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W mass at W mass at LLEEPP 2: 2: Final State InteractionsFinal State Interactions

++ ==

Interactions between W hadronic decay productsInteractions between W hadronic decay products may may 
cause cause a shifta shift between the mass from fully hadronic and between the mass from fully hadronic and 
semileptonic events:semileptonic events:

•• Colour Reconnection:Colour Reconnection: QCD interaction between QCD interaction between 
quarks from different W’s;quarks from different W’s;

•• BoseBose--Einstein CorrelationsEinstein Correlations between identical between identical 
hadrons (pions, kaons), well established in singlehadrons (pions, kaons), well established in single
W or Z decays.W or Z decays.

Use the data to constrain them !Use the data to constrain them !

qq

qq

qq

qq

Without FSIWithout FSI

SMALL
SMALL

SMALL
SMALL
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Global Fit of the Standard Model Global Fit of the Standard Model to mto mHH (I)(I)
Knowing Knowing mmtoptop,, most electroweak observables have a sensitivity to most electroweak observables have a sensitivity to mmHH through through ∆ρ∆ρ
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Global Fit of the Standard Model Global Fit of the Standard Model to mto mHH (II)(II)
Global fit of Global fit of mmHH and and mmtoptop::

2direct
top

2EW
top

GeV/ 1.53.174

GeV/ 0.105.180

cm

cm

±=

±=

257
38

EW
Higgs GeV/ 108 cm +

−=

C.L. 95%at  GeV/ 222 2
Higgs cm ≤
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Global Fit of the Standard Model Global Fit of the Standard Model to mto mHH (III)(III)

Mean: 0.22 Mean: 0.22 ±± 0.280.28
Sigma: 1.1 Sigma: 1.1 ±± 0.40.4

Internal Consistency of the Standard Model? Internal Consistency of the Standard Model? 

Largest discrepancy Largest discrepancy ((--2.92.9σσ) well inside) well inside
statistical expectation;statistical expectation;
χχ22 probability = 8%.   probability = 8%.   Just fine.Just fine.

Pull distribution = Normal Gaussian?Pull distribution = Normal Gaussian?
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Global Fit of the Standard Model Global Fit of the Standard Model to mto mHH (IV)(IV)
What Next?What Next? 11stst Lecture ConclusionsLecture Conclusions

!! Now: Now: δδmmtoptop = = ±± 5.1 GeV, 5.1 GeV, δδmmWW = = ±± 34 MeV34 MeV

!! With With δδmmtoptop = = ±± 2 GeV2 GeV

!! With With δδmmWW = = ±± 15 MeV15 MeV

!! With With δδmmtoptop = = ±± 2 GeV and 2 GeV and δδmmWW = = ±± 15 MeV15 MeV

257
38

EW
Higgs GeV/ 108 cm +

−=

239
28

EW
Higgs GeV/  ?  cm +

−=

243
29

EW
Higgs GeV/  ? cm +

−=

221
16

EW
Higgs GeV/  ? cm +

−=

"" LLEEPP and SLD allowed the internal and SLD allowed the internal 
consistency of the standard modelconsistency of the standard model
to be tested with great precision;to be tested with great precision;

"" LLEEPP and SLD checked the predictionsand SLD checked the predictions
of the Electroweak Symmetry Breakingof the Electroweak Symmetry Breaking
mechanism (e.g., mmechanism (e.g., mWW = m= mZZ××coscosθθWW););

"" LLEEPP and SLD allowed the mass of the and SLD allowed the mass of the 
top quark to be predicted several yearstop quark to be predicted several years
before it was discovered in 1995 at the before it was discovered in 1995 at the 
Fermi National Laboratory; Fermi National Laboratory; 

"" LLEEPP and SLD measurements led to the and SLD measurements led to the 
prediction of a relatively small Higgsprediction of a relatively small Higgs
boson mass (around 100 GeV/cboson mass (around 100 GeV/c22););

"" Future Machines (Tevatron, LHC, LC)Future Machines (Tevatron, LHC, LC)
will be important for EW Physics.will be important for EW Physics.


